Background The exact impact of ageing on skeletal muscle phenotype and mitochondrial and lipid content remains controversial, probably because physical activity, which greatly influences muscle physiology, is rarely accounted for. The present study was therefore designed to investigate the effects of ageing, physical activity, and pre-frailty on skeletal muscle phenotype, and mitochondrial and intramyocellular lipid content in men. Methods Recreationally active young adult (20-30 yo; YA); active (ACT) and sedentary (SED) middle-age (50-65 yo; MA-ACT and MA-SED); and older (65 + yo; 65 + ACT and 65 + SED) and pre-frail older (65 + PF) men were recruited. Muscle biopsies from the vastus lateralis were collected to assess, on muscle cross sections, muscle phenotype (using myosin heavy chain isoforms immunolabelling), the fibre type-specific content of mitochondria (by quantifying the succinate dehydrogenase stain intensity), and the fibre type-specific lipid content (by quantifying the Oil Red O stain intensity). Results Only 65 + SED and 65 + PF displayed significantly lower overall and type IIa fibre sizes vs. YA. 65 + SED displayed a lower type IIa fibre proportion vs. YA. MA-SED and 65 + SED displayed a higher hybrid type IIa/IIx fibre proportion vs. YA. Sedentary and pre-frail, but not active, men displayed lower mitochondrial content irrespective of fibre type vs. YA. 65 + SED, but not 65 + ACT, displayed a higher lipid content in type I fibres vs. YA. Finally, mitochondrial content, but not lipid content, was positively correlated with indices of muscle function, functional capacity, and insulin sensitivity across all subjects. Conclusions Taken altogether, our results indicate that ageing in sedentary men is associated with (i) complex changes in muscle phenotype preferentially affecting type IIa fibres; (ii) a decline in mitochondrial content affecting all fibre types; and (iii) an increase in lipid content in type I fibres. They also indicate that physical activity partially protects from the effects of ageing on muscle phenotype, mitochondrial content, and lipid accumulation. No skeletal specific muscle phenotype of prefrailty was observed.
Introduction
The progressive age-related decline in muscle mass, strength, and quality, a physiological process often termed sarcopenia, is one of the most characteristic changes occurring with ageing.
1,2 Because sarcopenia is the major factor leading to mobility impairment, falls, and physical frailty in older individuals, it can dramatically alter the quality of life of afflicted individuals. 1, 3 With the rapid change in the demography of the ageing population, it will soon rank as one of the major financial burdens that our health care system will have to face. However, the aetiology of sarcopenia is complex and still poorly understood. 4 Better understanding the biological process(es) responsible for sarcopenia is consequently one of the most important challenges that our society will have to address.
Several dogmas exist in the field of muscle ageing research. Indeed, it is commonly believed that (i) type II (fasttwitch) fibres are preferentially affected during ageing, while type I (slow-twitch, oxidative) fibres are relatively preserved; (ii) that mitochondrial content declines with ageing, therefore negatively impacting muscle oxidative capacity; and that (iii) reduced oxidative capacity leads to excessive myocellular accumulation of lipids which, in turn, could exert deleterious impacts on muscle ageing and insulin resistance. However, it is important to note that there is still debate in the literature on whether or not these characteristics are indeed hallmarks of muscle ageing.
Many controversies on this preferential type II loss and atrophy with ageing exist in the literature. Indeed, studies performed in rats have found a reduction in fast fibre proportion, 5, 6 no change, 7, 8 or an increase in fast fibre proportion. 9, 10 Human studies showed a similar amount of variability with some reporting a decrease in fast fibre proportion, 11, 12 others no change, [13] [14] [15] [16] and one longitudinal study even reporting an increase in fast fibre proportion over a 12 year period. 17 Controversies also subsist on the fibre type-specificity of age-related atrophy, with studies in both animal models and humans reporting a protection of type I fibre as compared with type II fibres, 10, 12, 13, 18 while others have reported that type I and II fibres atrophy with age. 15, [19] [20] [21] [22] [23] [24] Furthermore, whether ageing differentially affects type IIa (fast-twitch, oxidative) and IIx (fast-twitch, glycolytic) fibres remains poorly studied because in most studies, especially in humans, type IIa and IIx fibres are pooled into the same group. Therefore, our understanding of the effects of ageing on skeletal muscle phenotype in humans remains, at best, unclear.
Also widely accepted in the field of skeletal muscle ageing is the view that skeletal muscle mitochondrial content progressively declines with ageing, leading to a reduction in skeletal muscle oxidative capacity. [25] [26] [27] [28] However, this view is challenged in the literature. 15, 29, 30 This decline in mitochondrial content has also been linked to accumulation of lipid in muscle fibres 27, 31 and the latter to insulin resistance. 32 In addition, whether ageing impacts mitochondrial content and lipid content in a fibre type specific manner remains largely unexplored. Only one recent study compared the muscle fibre type specific mitochondrial and lipid content in young adult and old men, using Cytochrome C oxidase and Oil red O staining, respectively. 33 No difference in mitochondrial content of type I and IIa fibres was observed between young and old men. In contrast, type IIa/IIx and IIx of old men displayed lower mitochondrial content. 33 A trend for higher overall lipid content was observed in old men, reaching only statistical significance in type IIx fibres.
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To further add complexity, skeletal muscle phenotype, [34] [35] [36] mitochondrial content, [37] [38] [39] and lipid content 37, 38 are all greatly affected by physical activity levels. Surprisingly, physical activity is rarely taken into account when investigating the effects of ageing on skeletal muscles, which most certainly could explain for part of the controversy in the field of muscle ageing. 30 Therefore, there is a pressing need to reassess the impacts of ageing on skeletal muscle phenotype, mitochondrial content, and intramyocellular lipid content in men while considering physical activity levels. The main objective of the present study was therefore to investigate the effects of ageing and physical activity on skeletal muscle phenotype, mitochondrial content and intramyocellular lipid content in men. Pre-frail old men, because they represent a sub-population particularly at risk of falls and autonomy loss, 40 were also included in our study. Finally, the relationships between skeletal muscle mitochondrial and lipid contents and clinically relevant markers of muscle function, functional capacity and insulin sensitivity were also investigated.
Methods

Participants
Fifty-six men, aged from 20 to 94 years old (yo), were recruited and assigned to the three following groups: Young Adult (YA; 23.7 ± 0.8 yo; N = 11), Middle-Age (MA; 50-65 yo, N = 14), and 65 yo and older (65+, N = 31). Participants in the MA were further divided in two sub-groups: Active (MA-ACT; 62.4 ± 0.8 yo; N = 7) and sedentary (MA-SED; 61.7 ± 1.2 yo; N = 7), while participants in the 65+ group were divided in three sub-groups: Active (65 + ACT; 73.4 ± 0.7 yo; N = 9), sedentary (65 + SED; 72.3 ± 0.9 yo; N = 14), and pre-frail (65 + PF; 75.9 ± 3.1 yo; N = 7). Because of a technical problem, one 65+ participant could not be assigned to ACT or SED groups and was therefore removed from the database for group comparison. However, data from this participant were used for all correlation analyses. Young adult men were recruited at the Département des Sciences de l'activité Physique, Université du Québec à Montréal. Middle-aged and older men were recruited from the community through newspapers and advertisements in fitness or sports clubs. Participants met the following criteria: no known motor, cardiac, or psychological pathology; nonsmoking; no to moderate alcohol consumption (≤2 drinks/day); and no metal implants. All procedures were approved by Comité Institutionnel d'Éthique de la Recherche avec des Êtres Humains de l'Université du Québec à Montréal (approval no. 709987). All participants were fully informed of the nature, goal, procedures, and risks of the study and gave their informed consent.
Physical activity levels were assessed by either (i) using self-reported activity (collected with the Minnesota Leisure Time 41 and the Physical activity Scale for the Elderly (PASE) questionnaires, 42 as well as an interview conducted by a trained kinesiologist who asked how often per week and for how long the participants were exercising) or (ii) by estimating the daily average METs and the daily number of steps using an Armband Sensewear system (BodyMedia, Pittsburgh, PA). The Armband Sensewear uses a three-axis accelerometer, a heat flux sensor, a galvanic skin response sensor, a skin temperature sensor, and a near-body ambient temperature sensor to capture data. To be considered active, participants needed either (i) to report at least 150 min/wk of moderate-to vigorous-intensity exercises as recommended by the 2011 American College of Sports Medicine Position Stand 43 (except 1 MA-ACT and 1 65 + ACT who both performed 120 min of vigorous exercise/week); (ii) needed to have an average daily Metabolic equivalent (METs) >1.9; 44 or (iii) needed to have an average daily METs between 1.6 and 1.9 and perform more than 10 000 steps per day. To be considered PF, individuals needed to meet one to two of the three Fried criteria related to physical function (i.e. level of physical activity (assessed using the Minnesota Leisure Time Physical Activity questionnaire), walking speed, and handgrip strength; see 45 for details). Finally, the YA group was mostly active, with five individuals performing less than and six performing more than 150 min/wk of moderate to vigorous-intensity exercises, respectively. Figure S1 displays the range of weekly physical activity performed by our YA subjects. It should be noted that the fibre sizes and type proportion data from our YA participants, from two MA-ACT and seven 65 + ACT, were already published in. 15 
Skeletal muscle biopsies
Skeletal muscle samples were obtained from the vastus lateralis muscle using Bergstrom needle biopsy 15 performed under local anaesthesia. Solid muscle pieces were mounted on cork in tragacanth gum and frozen in liquid isopentane cooled in liquid N 2 . Histology blocks were stored at À80°C until analyses.
Skeletal muscle sample sectioning for histology
Eight-micron thick serial cross sections were cut with a cryostat at À18°C and mounted on lysine coated slides (Superfrost) to determine fibre type, mitochondrial content, and lipid content as described in. 46 In situ determination of fibre type Muscle cross sections (8 μm thick) were cut and immunolabelled for myosin heavy chains (MHCs) I, IIa, and IIx using a previously described method. 15, 46 Sections were first allowed to reach room temperature and rehydrated with phosphate-buffered saline (PBS) (pH 7.2). These sections were then blocked using goat serum (10% in PBS) and incubated for 1 h at room temperature with the following primary antibody cocktail: a mouse In situ determination of mitochondrial content using the succinate dehydrogenase stain Sections were stained for succinate dehydrogenase (SDH, complex II of the respiratory chain) activity as follows: 29, 46 Sections were first allowed to reach room temperature and were rehydrated with PBS (pH 7.2). Sections were then incubated in a solution containing nitroblue tetrazolium (1.5 mM), sodium succinate (130 mM), phenazine methosulphate (0.2 mM), and sodium azide (0.1 mM) for 45 min. Cross sections were then washed 3 times in PBS, dehydrated in 75% (30 s), 90% (30 s), and 100% (10 min) ethanol and coverslipped using an aqueous mounting medium (Vector Labs, VectaMount AQ Medium, H-5501). All samples for each species were processed at the same time and using the same incubation solution, ensuring that all samples underwent the exact same conditions.
In situ determination of lipid content.
To determine the intramyocellular lipid content, the Oil Red O stain method (Oil Red O being a fat-soluble and fluorescent dye) was used. 46 Briefly, muscle cross sections were first allowed to reach room temperature and then fixed in 10% formalin (Sigma-Aldrich, HT501128) for 5 min. Sections were then washed three times 1 min in distilled water before being placed in propylene glycol for 2 min. Sections were then incubated for 30 min in a solution containing 50 mg/mL of Oil Red O (Sigma-O0625, dissolved in propylene glycol [Sigma-P4347]). Sections were then differentiated in 85% propylene glycol (in distilled water) for 1 min and subsequently washed three times 1 min in distilled water. Sections were finally cover-slipped using Prolong Gold (Invitrogen, P36930) as mounting medium.
Handgrip strength measurement
Maximum voluntary handgrip strength was measured using a hand dynamometer with an adjustable grip (Hand Dynamometer; Lafayette Instrument, Lafayette, IN). Participants were standing upright and were instructed to apply as much handgrip pressure as possible for at least 4 s, performing the test with the right and left hands in turn. Participants performed three trials for each hand. The maximal value was recorded.
Functional capacity assessment
To assess functional capacities, the following tests of the Short Physical Performance Battery 47 were performed:
Walking speed The time required for participants to walk at their regular comfortable self-selected speed over a 4 m distance was recorded.
Stair test
The stair test consisted of alternatively placing the whole left and right feet as fast as possible onto a 20 cm high step for a 20 s period. The number of steps was recorded.
Timed Up and Go
The Timed Up and Go test consisted of standing up from a chair, walking 4 m, turning around (i.e. hairpin turn), going back to the chair, and sitting down as fast as possible. The time required to complete the test was recorded.
The sit to stand test Participants had to rise from a chair (height = 45 cm, without armrests) 10 times as fast as possible with their arms folded on the chest. The time between the initial position (seated) and the final position (seated), after 10 movements, was recorded. Because this test is a reproducible measure of lower limb muscle power, it was used to estimate leg power using the equation described in. 48 
Anthropometric measurements and body composition
The participant's body weight was obtained using an electronic scale (GFK 660a, Balance Industrielles, Montreal, Canada), while the height was measured using a wall stadiometer (Seca, USA). Body mass index [BMI = body mass (kg) / height (m 2 )] was calculated. Segmental lean masses and total fat mass were evaluated by Dual-energy X-ray absorptiometry (General Electric Lunar Corporation version 6.10.019, Madison, USA). Lower limbs lean mass and right thigh lean mass (estimated by manually defining the area between the pelvis to the knee joint) were calculated.
Blood sample collection and processing
For most participants, a 15 mL blood sample was collected following an overnight fast to assess serum fasting glucose and insulin concentrations. Serum fasting glucose was assessed using the glucose oxidase method. 49 Serum fasting insulin was assessed using a human insulin radioimmunoassay kit (detection limit: 12 pmol/L; inter and intra-assay coefficients of variation: 1.1% to 8.3%; Linco Research Inc., St. Charles, MO).
Homeostatic model assessment insulin resistance index (HOMA-IR) was calculated using the formula: fasting serum insulin (pmol/L) × 0.167 × fasting serum glucose (mmol/L) / 22.5. Quantitative Insulin Sensitivity Check Index (QUICKI) 1 ⁄ [log fasting insulin (μU⁄mL) + log glucose (mg⁄dL)].
Statistical analyses
All graphs display individual values as well as box and whisker plots. Data in tables are presented as mean ± standard deviation. To assess whether or not data sets were normally distributed, the Shapiro-Wilk and Kolmogorov-Smirnov normality tests were performed. All statistical comparisons between groups were performed using either one-way ANOVA followed by a Fisher Least Significant Difference test (when data in all groups were normally distributed) or Mann-Whitney U tests (when data in at least one group were not normally distributed). Corrections for multiple comparisons were performed using the Benjamini and Hochberg False discovery rate (with q < 0.2). Pearson correlations were performed to investigate relationships between the overall muscle mitochondrial and lipid content, parameters related to muscle function (thigh lean mass, overall fibre crosssectional area, lower limb fat mass, and leg power), functional capacity (chair test, timed up and go, and stair test) and insulin sensitivity (HOMA-IR and QUICK-I). P < 0.05 (and q < 0.2 for all between-group comparisons) was considered significant. Statistical analyses were performed either in Prism 6 (GraphPad) or SPSS 22.0. Effects of ageing, physical activity, and pre-frailty on skeletal muscle phenotype
Results
Participant characteristics
We first investigated the effects of ageing, physical activity, and pre-frailty on skeletal muscle fibre sizes. To this end, vastus lateralis muscle cross sections were immunolabelled for the three MHC found in human skeletal muscles and laminin to identify fibre borders ( Figure S2 ). Only 65 + SED and 65 + PF displayed significantly lower overall size vs. YA. No difference in type I fibre size was observed ( Figure 1B ). 65 + SED and 65 + PF displayed significantly lower type IIa size vs. YA Table 1 Groups that do not share the same letter are significantly different from one another. ND, not determined. METs, metabolic equivalent.
Muscle phenotype, mitochondrial mass, and lipid content in human ageing ( Figure 1C) . No difference was observed for type IIx and I/IIa fibre sizes amongst groups ( Figure 1D, E) . 65 + PF showed lower type IIa/IIx fibre size vs. YA ( Figure 1F ). When all subjects were pooled together and the relationship between the all fibre type sizes and age was investigated, only type IIa fibres negatively correlated with age ( Figure 1G ). We then investigated the effects of ageing, physical activity, and pre-frailty on skeletal muscle fibre type composition. As can be seen in Figure 2 , no difference in the type I, IIx, and I/IIa fibre proportions was observed between groups. 65 + SED displayed a lower type IIa fibre proportion vs. YA ( Figure 2B ). MA-SED and 65 + SED displayed higher type IIa/IIx fibre proportions vs. YA ( Figure 2E ). When type I/IIa and IIa/IIx fibres were pooled together (all hybrid fibre types), MA-SED and 65 + SED displayed a higher proportion of hybrid fibres vs. YA and 65 + ACT ( Figure 2F ).
Effects of ageing, physical activity, and pre-frailty on the overall and fibre type specific mitochondrial content
To assess the overall and fibre type specific mitochondrial content, vastus lateralis muscle serial cross sections to the triple MHC labelling were stained for succinate dehydrogenase (SDH/complex II of the mitochondrial electron transfer system, a reliable marker of mitochondrial content 29, 46 ) Figure ( Figure S2 ). In all groups, type I fibre had the highest mitochondrial content (highest SDH stain intensity), followed by type IIa fibres and type IIx fibres (Figure 3) . MA-SED, 65 + Sed, and 65 + PF displayed significantly lower mitochondrial content vs. YA and MA-ACT ( Figure 3A) . 65 + Sed and 65 + PF also displayed significantly lower mitochondrial Figure 3A) . Figure 3B summarizes the results for mitochondrial content in type I fibres. MA-SED, 65 + SED, and 65 + PF displayed significantly lower mitochondrial content in type I fibres vs. YA and MA-ACT ( Figure 3B ). 65 + SED and 65 + PF also displayed significantly lower mitochondrial content vs. 65 + ACT. No significant difference in the type I fibre mitochondrial content was observed between YA, MA-ACT, and 65 + ACT ( Figure 3B) .
MA-SED, 65 + SED, and 65 + PF displayed significantly lower type IIa mitochondrial content vs. YA and MA-ACT ( Figure  3C ). 65 + SED and 65 + PF also displayed significantly lower type IIa mitochondrial content vs. 65 + ACT. No difference in the type IIa mitochondrial content was observed between YA, MA-ACT, and 65 + ACT ( Figure 3C) .
No difference in the IIx fibre mitochondrial content was observed between YA, MA-ACT, and 65 + ACT ( Figure 3D ). MA-SED, 65 + SED, and 65 + PF displayed significantly lower type IIx mitochondrial content vs. YA and MA-ACT ( Figure  3D) .
Because of the low proportion of type I/IIa hybrid fibre ( Figure 2D ) we could not analyze enough of these hybrid fibres to accurately quantify the SDH stain intensity for these hybrid fibres. 65 + SED and 65 + PF displayed significantly lower type IIa/IIx mitochondrial content vs. YA, MA-ACT and 65 + ACT ( Figure 3E ).
The fibre type specific SDH stain intensity negatively correlated with age within each fibre type ( Figure 3F ).
Effects of ageing, physical activity, and pre-frailty on the overall and fibre type specific intramyocellular lipid content To assess the overall and fibre type specific intramyocellular lipid content, VL muscle serial cross sections were incubated with Oil Red O ( Figure S2 ). In all groups, type I fibre had the highest lipid content (highest Oil red O stain intensity), followed by type IIa and type IIx fibres ( Figure 4) .
As can be seen in Figure 4A , only 65+ SED displayed higher intramyocellular lipid content vs. YA. No other difference in overall intramyocellular lipid content was observed.
65 + SED showed a significantly higher type I fibre lipid content vs. YA and 65 + ACT ( Figure 4B ). No other difference in type I intramyocellular lipid content was observed ( Figure  4B ). No differences in the type IIa, IIx, and IIa/IIx fibre lipid content were observed ( Figure 4C-E) .
No significant correlation between age and the lipid content of type I, IIa, and IIx fibre was observed when data from all subjects were analysed together ( Figure 4F ).
Relationships between mitochondrial content and parameters related to muscle function, functional capacity, and insulin sensitivity Skeletal muscle mitochondrial content was positively correlated with multiple parameters of muscle function and functional capacity ( Figure 5 ). Muscle mitochondrial content was positively correlated with the lean mass of the thigh and the stair test results, whereas it was negatively correlated with leg fat mass and the results of the chair test, the sit to stand test, and the timed up and go test ( Figure 5 ). We also found trends for positive correlation between skeletal muscle mitochondrial content and the overall fibre cross-sectional area as well as leg power ( Figure 5 ). No significant association between mitochondrial content and lipid content was observed. Because we quantified the HOMA-IR (an index of insulin resistance) and QUICK-I (an index of insulin sensitivity) for most subjects (with exception of YA and most of the 65 + ACT individuals), we were able to investigate the relationship between mitochondrial content and parameters of insulin sensitivity. Mitochondrial content was positively associated with the QUICK-I index ( Figure 5 ). A trend (p = 0.051) for a negative correlation between the overall mitochondrial content and the HOMA-IR, a widely used index of insulin resistance, was also observed. Note that one outlier for HOMA-IR was removed from the original data set and the graph (largely over 2 standard deviation away from the mean -the Pearson correlation coefficient with the outlier was À0.3131 and the p-value was p = 0.081).
Relationships between intramyocellular lipid content and parameters related to muscle function, functional capacity, and insulin sensitivity No significant correlation was observed between lipid content and parameters related to muscle function (thigh lean mass, overall fibre cross-sectional area, lower limb fat mass and leg power), functional capacity (chair test, timed up and go and stair test), and insulin sensitivity (HOMA-IR and QUICK-I) ( Figure S3 ).
Discussion
Many controversies surround the impact of ageing on skeletal muscle phenotype and mitochondrial and intramyocellular lipid content. The fact that physical activity, well known to impact virtually all aspects of skeletal muscle physiology, is rarely taken into account most certainly contributes to the discrepancies in the field. In addition, whether ageing affects mitochondrial and intramyocellular lipid content in a fibre type-specific manner remains largely unexplored. Therefore, the overall aim of the present study was to investigate the effects of ageing, physical activity, and pre-frailty on skeletal muscle phenotype, and mitochondrial and intramyocellular lipid content in men.
Impact of ageing, physical activity, and pre-frailty on skeletal muscle phenotype In the present study, very few differences in fibre type proportions were observed amongst groups (Figure 2 ). While no difference was observed for the proportion of type I and IIx fibres, only sedentary men aged over 65 y displayed higher type IIa and IIa/IIx fibre proportions as compared with YA. Associated with the fact that MA-SED individuals also had a higher type IIa/IIx proportion as compared with YA, and that neither MA-SED nor 65 + SED showed a decrease in type IIx fibres, this result suggests that type IIa fibres might transition to IIx with ageing in sedentary individuals. The fact that these differences were not observed in 65 + ACT suggests that physical activity might protect type IIa fibres. The higher total hybrid fibre proportion observed in 65 + SED and MA-SED vs. YA indicates that ageing in sedentary men is associated with muscle remodelling, probably caused by denervation reinnervation cycles. 4 These results are in line with previous work from Klitgaard et al., 50 who have shown an increase in the proportion of hybrid fibres in aged human skeletal muscle, and the work from Andersen who has reported that sedentary octogenarians display a very high abundance of hybrids fibres, 24 an observation recently corroborated by Power et al. for type IIa/IIx hybrid fibres. 51 In their manuscript, Power et al. also reported that this very high abundance of hybrids fibres was not observed in octogenarian master athletes. When put in perspective with our current findings, one can speculate that muscle remodelling starts Figure 5 Relationships between the overall mitochondrial content (SDH stain intensity) and indices of muscle function, functional capacities, and insulin sensitivity.
Muscle phenotype, mitochondrial mass, and lipid content in human ageing early in the sixth decade, perhaps even earlier (as suggested by higher hybrid fibre proportion in our MA-SED group), resulting in significant increases in hybrid fibre abundance in the eighth decade as evidenced in 24 and 51 . Our results and those described in 51 also suggest that physical activity partly protects from the age-related muscle remodelling seen in sedentary individuals, a view consistent with the work from Trappe et al. who showed that a 12 week resistance training programme decreased the proportion of hybrid fibres seen in septuagenarians.
52 Surprisingly, no significant difference in fibre-type proportion was observed for 65 + PF individuals in the present study, suggesting that there is no specific impact of pre-frailty on muscle fibre-type proportion.
In the present study, significant myofibre atrophy was only observed in 65 + SED and 65 + PF individuals. Indeed, both 65 + SED and 65 + PF display a significant decrease in the overall and type IIa fibre cross-sectional area vs. YA. 65 + PF also exhibited lower IIa/IIx fibre cross-sectional area. These results, in association with the significant negative correlation between type IIa fibre size and age observed when all subjects were pooled together ( Figure 1G ), are again in line with the idea that type IIa fibres are particularly affected by ageing in sedentary individuals and that physical activity seems to confer some protection against the effects of ageing on type IIa fibres. Interestingly, it was recently shown in rat skeletal muscles that type I fibres exhibit marked atrophy with advanced age and might therefore be affected at a later stage than type II fibres are. 20, 53 With this in mind, and the trend for lower type I fibre size in 65 + SED vs. YA we (5,618 ± 1,064 vs. 6,710 ± 1,747 μm 2 , respectively; p = 0.095, Figure  1B ) could indicate that type I fibre atrophy might start in the late sixth decade or early seventh decade, a view consistent with the 25% atrophy of type I fibres seen in octogenarians. 24 Impact of ageing on skeletal muscle mitochondrial content and its relationships with parameters related to muscle function, functional capacities, and insulin sensitivity Many controversies surround the impact of skeletal muscle ageing on mitochondrial content, with some studies showing reduced mitochondrial content in aged skeletal muscle [25] [26] [27] [28] 54 and others reporting no effect of ageing. 15, 29, 30 Here, we provide strong evidence indicating that mitochondrial content only declines in sedentary individuals and is preserved in active individuals ( Figure 3) . Our results also highlight that mitochondrial content declines in all fibre types in older sedentary individuals. Our results therefore reinforce previous studies that have shown, using various markers, unchanged mitochondrial content in skeletal muscles of active older individuals. 15, 55, 56 Finally, there was no evidence for aggravated loss of mitochondrial content in pre-frail individuals.
While our data clearly indicate that physical activity can preserve mitochondrial content in aged skeletal muscle, it is important to note that strong evidence suggests that physical activity is not a cure-all and does not protect from the impact of muscle ageing on all aspects of mitochondrial biology. For instance, we recently showed that even old active men displayed mild uncoupling of mitochondrial oxidative phosphorylation and increased mitochondrial-mediated apoptosis, 15 therefore strengthening the view that mitochondrial uncoupling [57] [58] [59] and increased mitochondrial-mediated apoptosis 26, 60, 61 are intrinsic processes of the muscle ageing process and not a consequence of a prolonged sedentary lifestyle. Whether physical activity protects from the impacts of ageing on mitochondrial energetics, 54, 62 dynamics, and morphology 29, 63 remains to be clarified. Importantly, our results show that mitochondrial content was positively associated with clinically relevant markers of skeletal muscle function, functional capacity, and insulin sensitivity. Our study extends previous work showing that mitochondrial respiratory capacity and efficiency energetics were associated with walking speed in older adults. 64 Our data also strengthen recent evidence indicating a positive association between mitochondrial content and insulin sensitivity in older individuals. 65 Taken altogether, these results clearly emphasize the importance of mitochondria for skeletal muscle health and reinforce the view that mitochondria should be considered as important therapeutic targets to prevent or attenuate age-related deterioration of muscle function and metabolism.
Although muscle mitochondrial content was negatively associated with thigh fat mass, consistent with recent data, 65 no correlation between mitochondrial content and intramyocellular lipid content was observed in the present study ( Figure 5 ). These results therefore suggest a potential negative association between muscle mitochondrial content and extracellular fat accumulation (perhaps between fibre fascicules or between muscles). The relationship between mitochondrial content, intramyocellular, and extracellular lipid content unquestionably deserves further attention.
Impact of ageing on intramyocellular lipid content and its relationships with parameters related to muscle function, functional capacities, and insulin sensitivity There is evidence supporting the fact that ageing is associated with an intramyocellular accumulation of lipids. 27, 31, 33 Lipid accumulation in skeletal muscles has been linked with lower whole muscle and single fibre power, 66, 67 lower isokinetic and specific torque, 38 slower walking speed and chair stand time 68 and higher risk of mobility limitation. 69 In addition, intramyocellular accumulation of lipids has been suggested to contribute to the age-related deterioration of skeletal muscle function 70, 71 and has been linked to the development of insulin resistance. 32 Given this literature, it is critical to clearly define the effects of ageing and physical activity on intramyocellular lipid content and its impact on muscle function and insulin sensitivity. Our results indicate that only sedentary old men, but not active old men, displayed higher intramyocellular lipid content compared with young individuals, particularly in type I fibres. These results therefore strengthen the available evidence pointing towards an increase in lipid content in skeletal muscle cells 27, 31, 33 and strongly suggest that physical activity protects from the intramyocellular accumulation of lipids with ageing. Interestingly, no sign of elevated intramyocellular lipid content was seen in pre-frail individuals suggesting that pre-frailty is not associated with excessive lipid infiltration in skeletal muscles.
As mentioned, excessive fat accumulation in skeletal muscle cells has been linked to poor skeletal muscle function and the development of insulin resistance. We therefore hypothesized that intramyocellular lipid content would be negatively associated with indices of skeletal muscle function and insulin sensitivity. Surprisingly, no significant correlation was observed between intramyocellular lipid content and clinically relevant markers of muscle function/functional capacity and insulin sensitivity ( Figure  S3 ). These results challenge the idea that intramyocellular lipid accumulation plays an important role in the agerelated decline of skeletal muscle function and insulin sensitivity. However, it is important to note that at the exception of three subjects with HOMA-IR above 2.5 (i.e. cut-off to be considered insulin resistant, 72 two 65 + PF with HOMA-IR of 5.84 and 2.55; and one 65 + SED with HOMA-IR of 2.67), all other participants were insulin sensitive. The fact that the vast majority of our subjects were insulin sensitive perhaps explains the absence of a relationship between intramyocellular lipid content and markers of insulin sensitivity and muscle. Rather, these relationships might therefore prove valid in obese and metabolically deteriorated individuals as suggested by available evidence. 33, 67 In addition, it is important to note that Oil Red O mainly stains lipid droplets. It is therefore possible that the concentrations of specific lipid derivatives, especially those of lipid species known to interfere with the insulin signalling pathways such as ceramides and diacylglycerol, 73 might correlate with markers of skeletal muscle function, functional capacity, and insulin sensitivity. Further research is therefore needed to clarify the exact role played by lipid accumulation on the muscle ageing process.
Study limitations
In the present study, the overall and fibre type specific mitochondrial content were assessed in vastus lateralis muscle by staining muscle cross sections for succinate dehydrogenase (SDH / complex II of the mitochondrial electron transfer system). Although previous studies have shown that this semi-quantitative approach provides a reliable assessment of mitochondrial content, 29, 46 further studies should confirm our results using quantitative approaches, such as the determination of mitochondrial density on transmission electron micrographs (the gold standard for mitochondrial content assessment).
The accurate measurement of fibre cross-sectional area requires muscle fibres to be fixated in resting length (L0) and cut at an exact 90°angle. Although all possible care was taken during the processing and analysis of skeletal muscle biopsies, none of these conditions can be perfectly achieved with human muscle biopsies. It is therefore possible that some variability in the cross-sectional area we report in the present study may arise from these limitations.
The present study design required the recruitment of elderly volunteers willing to participate in a research study and undergo a skeletal muscle biopsy. It is therefore possible that our design might have induced a sample bias with the recruitment of fitter / and or more socially active elderly than the average population. Although such bias cannot be avoided, it is still important to keep it in mind when attempting to extrapolate our results to the general population.
Although no specific muscle phenotype of pre-frailty could be evidenced in the present study, it is important to highlight that the sample size of our 65 + PF group was relatively small, which might have resulted in a non-negligible number of false negatives in our statistical analyses. Further studies with larger sample sizes are therefore required to definitively conclude on the absence of specific muscle alterations in pre-frail individuals.
Conclusions
Taken together, our results suggest that ageing in sedentary men is associated with (i) complex changes in muscle phenotype (fibre type and size) preferentially affecting type IIa fibres; (ii) a decline in mitochondrial content affecting all fibre types; and (iii) an increase in lipid content in type I fibres. These results also suggest that physical activity partially protects from the effects of ageing on muscle phenotype, mitochondrial content, and lipid accumulation. No skeletal muscle phenotype of pre-frailty was seen in the present study. Finally, we showed that mitochondrial content, but not lipid content, was positively correlated with clinically relevant markers of muscle function, functional capacities, and insulin sensitivity. Our results therefore strongly support the idea that mitochondria may represent effective therapeutic targets to attenuate the ageing-related deterioration of skeletal muscle.
Online supplementary material
Supporting information may be found in the online version of this article. Figure S1 . Range of weekly physical activity performed by the participants in the young adult group Figure S2 . Explanation of the experimental design used to assess skeletal muscle phenotype, mitochondrial content, and intramyocellular lipid content. Series of skeletal muscle cross sections were obtained. The first cross section was immunolabelled for myosin heavy chain (MHC) type I (in blue), type IIa (in red), IIx (in green), and laminin (in green surrounding each muscle fibre). This first stain was used to assess fibre size and type proportion. The second cross section was stained for succinate dehydrogenase activity, a reliable marker of mitochondrial content. Intramyocellular lipid content was assessed on the third cross section using an Oil Red O stain. Note that the same fibres are found within all three stains as indicated by the white arrows. Figure  S3 : Relationships between the overall intramyocellular lipid (Oil Red O stain intensity) content and indices of related to muscle function, functional capacities, and insulin sensitivity.
